Abstract Computable general equilibrium (CGE) models are a standard tool for policy analysis and forecasts of economic growth. Unfortunately, due to computational constraints, many CGE models are dimensionally small, aggregating countries into an often limited set of regions or using assumptions such as static price-level expectations, where next period's price is conditional only on current or past prices. This is a concern for climate change modeling, since the effects of global warming by country, in a fully disaggregated and global trade model, are needed, and the known future effects of global warming should be included in forward-looking forecasts for prices and profitability. This work extends a large dimensional intertemporal CGE trade model to account for the various effects of global warming (e.g., loss in agricultural productivity, sea level rise, and health effects) on Gross Domestic Product (GDP) growth and levels for 139 countries, by decade and over the long term, where producers look forward and adjust price expectations and capital stocks to account for future climate effects. The potential economic gains from complying with the Paris Accord are also estimated, showing that even with a limited set of possible damages from global warming, these gains are substantial. For example, with the comparative case of Representative Concentration Pathway 8.5 (4 ∘ C), the global gains from complying with the 2 ∘ C target (Representative Concentration Pathway 4.5) are approximately US$17,489 billion per year in the long run (year 2100). The relative damages from not complying to Sub-Sahara Africa, India, and Southeast Asia, across all temperature ranges, are especially severe.
Introduction
The cumulative effects of global climate change will depend on how the world responds to increasing emissions. The evidence indicates that climate change has already resulted in extreme weather events and sea level rises (SLRs), with added threats to agricultural production in many parts of the world (United Nations, 2018; World Bank, 2016) . However, standard economic forecasts of the impact of climate change very considerably, with early estimates showing mild effects on the world economy (see, e.g., Nordhaus, 1991; Tol, 2002) . Some of these views have softened subsequently (Nordhaus, 2007; Tol, 2012) , but aggregate damages still remain relatively small for most temperature ranges.
Both Weitzman (2012) and Stern (2016) , among others, have warned that current economic modeling may seriously underestimate the impacts of potentially catastrophic climate change and emphasize the need for a new generation of models that give a more accurate picture of damages. In particular, Stern (2016) has pointed out two key weaknesses of the current class of economic models: their limited spatial coverage, including averaged impacts across countries and regions, and unreasonable assumptions on the discount rate, which translate into a relative lack of forward-looking behavior in economic forecasts and resulting negative impacts on future generations. Indeed, there have been relatively few attempts to examine the full global, disaggregated, and intertemporal effects of climate change on GDP using large-scale economic modeling, modeling that would capture all of the trading patterns, spillover effects, and economic linkages among countries in the global economic system over time. To date, given its computational complexity, computable general equilibrium (CGE) modeling has largely concentrated on individual country effects or on dynamic models with limited numbers of countries or regions and an absence of forward-looking behavior, that is, so-called recursive dynamic models with static or adaptive price-level forecasts. These recursive dynamic models have value, but the assumption that future price-level expectations are based only on current and past values is broadly incongruent with known future projections of various climate change outcomes and resulting trade effects .
In this work, we extend the results of recent and innovative large-scale economic modeling, Global Trade Analysis Project (GTAP)-INT , to account for the effects of various Representative Concentration Pathways (RCPs) and Shared Socioeconomic Pathways (SSPs) on global temperature, which result in a 1-4 ∘ C increase in global warming. Our model is fully disaggregated with forward-looking behavior, spanning across 139 countries and 57 broad commodity groups, with full computational convergence over a period of 200 years. In numerical simulations, we show the potential economic gains from following the Paris Climate Accord to the year 2100. It is important to note that we do not calculate the costs of implementing the Accord, but we do carefully measure the avoided damages (as potential losses in GDP) as the benefit of compliance.
As is well known, the Paris Accord targets to hold the increase in the global average temperature below 2.0 ∘ C above preindustrial levels and to pursue efforts to limit temperature increases to 1.5 ∘ C above preindustrial levels (United Nations, 2015) . Following this agreement, United Nations members are committed to intended nationally determined contributions (INDCs), which provide estimates of their aggregate greenhouse gas (GHG) emission levels in 2025 and 2030. With the implementation of the INDCs, aggregate global emission levels would be lower than in pre-INDC trajectories (United Nations, 2016) . The agreement also aims to further support the ability of countries to deal with the impacts of climate change (United Nations Framework Convention on Climate Change [UNFCCC], 2018a) and is seen as providing an essential road map for the human response to reduce emissions and build in further climate resilience.
Section 2 below provides a brief review of climate change agreements and the international framework. Section 3 highlights some of the previous literature on CGE modeling on the economic effects of climate change. Section 4 details our data, the model approach, and the results. Section 5 evaluates the long-term impacts by RCP scenario and the potential global economic gains of complying with the Paris Climate Accord. Section 6 provides some added discussion and a few closing remarks.
Climate Agreement and Scenario Context
Since 1850, the Earth's surface has become successively warmer and especially so over the past three decades. (IPCC, 2014) has clearly confirmed human influence on the climate system. The report also indicates that the recent anthropogenic emissions of GHG are the highest in history and have already generated widespread impacts on human and ecological systems.
To counter these impacts, the past two decades have been marked by a sequence of international initiatives and agreements to stabilize GHG emissions. The UNFCCC, for example, was first introduced in 1992 to limit average global temperature increases. The UNFCCC is one of the three intrinsically linked Rio Conventions, adopted at the Rio Earth Summit in 1992. The other two Conventions are the UN Convention on Biological Diversity and the Convention to Combat Desertification (United Nations Framework Convention on Climate Change, 2018b). Since then, other major international climate change frameworks have progressed, including the Kyoto Protocol (1997), along with the Copenhagen Accord (2009), the Durban Platform for Enhanced In addition, the Kyoto Protocol, which was adopted in Kyoto in December 1997 and entered into force for many countries in February 2005, was a major climate change agreement that set internationally binding emission reduction targets. Under the principle of common but differentiated responsibilities, the Protocol places a heavier burden on developed nations, which are legally bound to emission reduction targets following two phases of commitment periods, given by 2008-2012 and 2013-2020 (United Nations Framework Convention on Climate Change, 2018e). The Paris Climate Accord (adopted in 2015 to which 175 parties have ratified to date) further intensifies the effort toward sustainable low-carbon development, requiring a worldwide response to climate change. In the Paris Accord, both developed and developing countries have committed to reducing emissions by 2030, using 2005 as the base year. As indicated, the Paris Accord is designed to keep global temperatures in this century to a rise "well below 2 degrees Celsius above preindustrial levels and to pursue efforts to limit the temperature increase even further to 1.5 degrees Celsius" (UNFCCC, 2018f, 2018a .
To assist with the understanding of future long-term socioeconomic and environmental consequences of climate change, along with the analysis of potential mitigation and adaptation measures, various future scenarios are widely used in climate change research (van Vuuren & Carter, 2014) . The IPCC has used climate scenarios from 1990 forward (SA90) following IS92 and the Special Report on Emissions Scenarios in 2007. These scenarios were developed and applied sequentially from the socioeconomic factors that influence GHG emissions to atmospheric and climate processes. As is generally known, the sequential approach led to inconsistency and delays in the development of emission scenarios (Moss et al., 2010) . From 2006, the climate research community initiated a new parallel approach to developing scenarios, where model development progresses simultaneously rather than sequentially (Moss et al., 2010; van Vuuren et al., 2014) . The work of van Vuuren and Carter (2014) provides a summary of the new scenario framework comprising two key elements: (1) Four RCP scenarios representing the possible future development of GHG emissions and concentrations of different atmospheric constituents affecting the radiative forcing of the climate system and (2) five SSP scenarios providing narrative descriptions and quantitative prediction of possible future developments of socioeconomic variables. These two sets of scenarios provide an integrated framework, or a scenario matrix architecture, to account for the various possible effects of global warming (van Vuuren et al., 2014) .
Since both sets of scenarios (i.e., the social development and radiative forcing) eventually lead to different surface temperature increases, they can be reconciled into similar groups with comparable temperature increases. As indicated, van Vuuren and Carter (2014) provide suggestions for such reconciliation of the new RCP and SSP scenarios, in which most of the SSP scenarios can be mapped with the four RCP scenarios (see van Vuuren & Carter, 2014 , for the detailed discussion of scenarios and reconciliation tables).
The simulations in our own work thus fully examine the impact on the world economy of global warming in the range from 1 to 4 ∘ C, which roughly covers all four possible RCP scenarios from RCP2.6 to RCP8.5. Our individual simulations can be further mapped by comparing final temperature increases with the median temperature rise by RCP scenarios in IPCC (2014), using the reconciliation tables in van Vuuren and Carter (2014) .
CGE Modeling and the Economic Effects of Climate Change
Climate change is a global and long-term phenomenon, which requires global coordination and a forwardlooking policy approach. Global dynamic CGE models are, therefore, a natural candidate for climate change impact assessment and policy analysis. Rational, intertemporal responses cannot be made using naive static or adaptive price-level expectations, which are essentially backward looking, or with highly aggregated regional, rather than country-specific, approaches. Unfortunately, due to technical difficulties, current economic and CGE modeling of the effects of climate change lack both adequate time (forward-looking) and spatial (country-disaggregated) coverage.
As a whole, CGE models encompass standard policy analysis and forecasting approaches for GDP growth, incomes, and the global economic system. Since the pioneering work of Johansen (1960) , with a basic one country model, CGE models have grown both in size and complexity. Modern CGE models are now (at least potentially) truly global with as many as 140 interactive regional economies (Aguiar et al., 2016; Corong et al., 2017; Hertel, 1997) and can be solved over a long time horizon in a recursive (e.g., Dixon & Rimmer, 2002; Ianchovichina & Walmsley, 2012) or intertemporal framework (e.g., Ha et al., 2017; McKibbin & Wilcoxen, 1999) . With the implementation of time (intertemporal) and spacial (regional and country-specific) dimensions, the size of CGE models has grown exponentially posing a serious challenge to current computational methods. Current software packages such as GEMPACK or GAMS, which use a serial direct LU solver (see Ha & Kompas, 2016) , are incapable of solving large intertemporal CGE models. Dixon et al. (2005) indeed has shown that with these models, using over 100 industries or commodity groups, it is only possible to solve the system simultaneously for a relatively small number of time periods.
Due to computational constraints, current CGE models are also normally limited to either static or recursive approaches. Static CGE models compare an economy over two discrete time points: the current period before an exogenous shock and either a short-run period or a long-run period after the shock is realized. The main difference between the short-and long-run cases is whether the capital stock is fixed or allowed to freely adjust (in response to an exogenous shock), designated by short-or long-run closure. Hertel et al. (2010) used such a static CGE-GTAP model to simulate the impact of climate change on the world economy in the year 2030 via shocks in agricultural production. Although the model can be used to analyze the impact of climate change in the long run, it cannot provide any intermediate and time path effects from climate change. It is also dimensionally constrained, that is, even with the comparison of only two time periods, Hertel et al.'s (2010) approach can only account for 34 countries/regions. In practice, it is rare to see CGE models, static or recursive, that are solved with a full countrywide database (up to 100 countries/regions or more).
In a search for a more comprehensive approach, recursive models extend the static CGE model beyond a one-period comparative analysis by solving the system recursively, year after year, over an unspecified but extended time horizon. Bosello et al. (2006 Bosello et al. ( , 2007 , for example, used a variant of the CGE-GTAP model, GTAP-E, to simulate the impact of climate change-induced effects on human health (Bosello et al., 2006) and sea level increases (Bosello et al., 2007) to the world economy up to 2050. (The GTAP-E framework, Burniaux & Truong, 2002 , is an extension of the GTAP model, Hertel, 1997 , with more detailed energy inputs in the model's production structure.) The model is first run recursively to calibrate the baseline scenario from an initial calibration year to 2050; then shocks to labor productivity, expenditure for health services (public and private), and SLRs are introduced to form comparative effects of climate change-induced effects for human health in particular. For the expenditure on health services, Bosello et al. (2006) impose a shift in parameter values which would produce the required variation in expenditure if all prices and income levels remained constant. The model is simulated for eight regions of the world. An extension of the ICES model (Eboli et al., 2010) , another modification of the GTAP-E model, is also a good example of a multiregion recursive dynamic modeling approach to analyze the effects of temperature change on economic growth and wealth distribution globally. In a more elaborate application, Roson and der Mensbrugghe (2012) use the recursive ENVISAGE model to simulate the economic impact of climate change via a range of impact channels: sea level increases, variations in crop yields, water availability, human health, tourism, and energy demand.
A key limitation of these recursive models is their lack of forward-looking behavior, relying instead on static or adaptive price-level expectations, and successive single period calculations. Economic agents, in other words, only respond to shocks in the current year (or past years) and ignore otherwise known future changes in, for example, climate conditions, no matter how severe they may be. In other words, responses in economic behavior only occur once the shocks are realized. In addition, even though recursive models are solved one period at a time, successively, they normally can only solved for a relatively small number of countries, regions, and sectors, given computational constraints. Thus, they cannot use the available and fully disaggregated country data to facilitate computation.
There have been a few attempts to breakout of the traditional recursive dynamic modeling approach, building instead a forward-looking, global intertemporal model for climate change analysis. McKibbin et al. (2009) , for example, use their G-CUBED model (McKibbin & Sachs, 1991; McKibbin & Wilcoxen, 1999) to form an intertemporal global economy to predict future CO 2 emissions under different scenarios. The model in Dixon et al. (2005) is another approach, using rational expectations of future prices to model intertemporal behavior. These are valuable methods, but they too suffer from either limited dimension (McKibbin et al., 2009 , with only 14 countries and 12 sectors in) or with difficulties guaranteeing convergence to a solution as in the case of the rational expectations approach.
Outside of the context of the CGE modeling of global intertemporal economies, there are a number of examples of economic assessments of the effects of climate change using more basic models, where damage functions range from low to extreme levels. Tol (2002) , for example, estimated the impact of a 1 ∘ C warming on the world economy based on a suit of existing and globally comprehensive impact studies. Tol, 's estimations are somewhat inconclusive. The impacts on world GDP with a 1 ∘ C warming range from +2% to −3% depending on whether a simple sum or a global average value method is used. Using an estimated damage function for the U.S. economy and extrapolated to the world economy, Nordhaus (1991) also finds mild effects from climate change impacts of 1%, or at most 2%, on the global economy. These views have been modified more recently, as indicated above, but total damages are still relatively small.
Alternatively, Weitzman (2012) has warned that we might be considerably underestimating the welfare losses from climate change by using conventional quadratic damage functions and a thin-tailed temperature distribution and suggests severe limits on GHG levels to guard against catastrophic climate risks. A study by the Global Humanitarian Forum (2009) also provides a worrisome picture of the social impacts (e.g., on environment and health) of climate change in the developing world. The loss from global warming, here, includes climate-related deaths from worsening floods and droughts, malnutrition, the spread of malaria, and heat-related ailments. According to Global Humanitarian Forum (2009), the current global warming process already causes 300,000 deaths and US$125 billion in economic losses annually.
Our paper addresses the above weaknesses of current economic analysis and CGE modeling of the effects of climate change by applying new solution methods, developed for solving intertemporal CGE models with very large dimension (Ha & Kompas, 2016 , 2014 Ha et al., 2017; , modifying and extending the preliminary results of the effects of climate change contained in Kompas and Ha (2017) to different RCP scenarios. As such, we provide the first example of a large-scale and intertemporal computational modeling of the economic effects of global warming, across all 139 countries in the GTAP database, for various temperature changes. The added, large-dimensional precision matters to the final estimates and disaggregation by country is especially important here. Although the effects of climate change on global average GDP may be large or small, depending on RCP scenario, the effects on individual countries can be enormous across various RCPs. Averaging across such countries into regions severely masks these effects.
GTAP-INT Model Framework, Data, and Climate Change Results
The modeling approach applied in this study is an intertemporal CGE version of the GTAP model, termed GTAP-INT in Ha et al. (2017) . GTAP is a global economic model that estimates the interactions of economic activities and effects among countries or regions under various exogenous shocks (Hertel, 1997) .
We use GTAP version 6.2 to be consistent with our previous research . We are aware of the publication of GTAP version 7, where commodities and activities are separated so that a single producer can produce more than one product (Corong et al., 2017) . However, in the most recent GTAP database (version 9), which we employ, a producer can produce only one product (see Aguiar et al., 2016) . Therefore, we expect no substantive difference in our work between GTAP version 6.2 and version 7 simulation results with the current database.
The intertemporal version of GTAP model consists of blocks of supply and demand equations for producers, households, investment demand, and governments, indexed by country and at each point in time. Producers use inputs, or factors of production, such as land, labor and capital, and other intermediate goods, to deliver commodities which are sold on international and domestic markets. Households make decisions between savings and the consumption of various commodities, foreign and domestic, from their income, less taxes. In an individual economy, the total demand for a product (from international and domestic sources) equals the supply of that product, with corresponding price linkages and market clearing conditions. Global savings, investment, and transportation is also modeled Hertel, 1997 ).
The GTAP model, in its current form, is run either as a static model or as a recursive dynamic model with assumed static or adaptive price-level expectations . A key benefit of the GTAP-INT model is that it allows producers, in particular, to look forward, to choose how much to invest in capital stocks over time to maximize profits in the long run. A fully defined intertemporal version of the GTAP model was first developed in Ha et al. (2017) , where fixed capital formation and given allocations of investment across regional blocks of countries are replaced by long-run profit conditions. The version of GTAP-INT in Kompas and Ha (2017) extends this work to very large dimensions using a new solution method and allowing for multiple countries and time periods. In the context of climate change, GTAP-INT allows producers to respond to foreseeable climate change impacts immediately, in terms of how they invest and the choice over what they produce, rather than waiting for climate change impacts to be actually realized and then enter their forecasts for prices and other key variables. In recursive models, alternatively, producers only respond to climate change impacts once they actually occur. The structural equations for GTAP-INT are detailed in Ha et al. (2017) and are not repeated here, save for the key intertemporal condition for profit (dividend) maximization, given by two motion equations for capital accumulation and its shadow price:
where k r,t is the capital stock in region r at time t (hereafter we supress the indices r and t where appropriate for simplicity), r t is the world interest rate, I r,t is increment in capital (i.e., investment), r is the depreciation rate, r,t is the shadow price of capital, and r,t is the investment coefficient, which shows how much extra money we must invest in order to obtain a dollar increase in the capital stock; p I r,t is the price of capital goods; and p k r,t is the rental price of capital. To solve the model, we use the GTAP model equations to link all global economies over time using forward-backward equations (i.e., equations (1) and (2)) for each country in the GTAP model, given an initial condition (fixed initial capital k r,0 ) and one terminal condition:̇r ,T = 0 . As usual in intertemporal models, we take a state steady benchmark as the baseline or as business as usual. We then compare this baseline path to parametric changes across different climate change scenarios. This is standard in an intertemporal framework and indeed is the only technical option available to facilitate our large-dimensional modeling.
Database and Climate Change Damage Functions
As indicated, the database employed in this work is GTAP Data Version 9 (Aguilar et. al., 2016; GTAP, 2017) , which consists of 140 countries and regions (we drop one country, Benin, for numerical stability) and 57 commodities with 2011 as the base year. The data set requires the addition of damage functions, which aim to estimate the economic impacts of global warming, in general, and, in particular, in CGE and GTAP modeling. The climate change damage functions applied in this paper largely follow, with some qualifications, Roson and Sartori (2016) , where climate change parameters for damages are estimated from a series of meta-analyses for each of the 140 countries and regions in the GTAP version 9 data set. The damage functions applied include the effects of SLR, losses in agricultural productivity, temperature effects on labor productivity and human health, energy demands, and flows of tourism (Roson & Sartori, 2016) .
The background for all of this is straightforward. For SLR impacts, following the Fifth IPCC Assessment Report (IPCC, 2014), Roson and Sartori (2016) note that a large number of studies find a connection between global warming and sea level increases. SLR affects the total stock of land and causes erosion, inundation, or salt intrusion along the coastline. As a consequence, the share of land which may be lost depends on several country-specific characteristics. In Roson and Sartori (2016) , the relationship between SLR (in meters) and the increase in global mean surface temperature (in degrees Celsius), at the time intervals 2046-2065 and 2080-2100, is based on IPCC (2014), with an added emphasis on land losses in agriculture.
Indeed, economic studies of climate change appear to focus predominantly on agricultural impacts. According to Roson and Sartori (2016) , climate change is expected to bring about higher temperatures, a higher carbon concentration, and different patterns in regional precipitation, all of which affect crop yields and agricultural productivity. In Roson and Sartori (2016) , in particular, the climate change damage function for agricultural productivity is based on a meta-analysis provided in IPCC (2014), which provides central estimates for variations in the yields of maize, wheat, and rice. Roson and Sartori (2016) elaborate on these results to get estimates of productivity changes for these three crops, in all 140 regions and for the five levels of temperature increase, from 1 to 5 ∘ C. The estimation distinguishes between tropical and temperate regions and identifies a nonlinear interpolation function for all cases. Roson and Sartori (2016) also apply the work by Cline (2007) for the estimation of productivity changes for the entire agricultural sector in various regions. In this approach, the variation in agricultural output per hectare is expressed as a function of temperature, precipitation, and carbon concentration.
Estimation of labor productivity loss due to heat stress in Roson and Sartori (2016) is based on a study by Kjellstrom et al. (2009) , which produced a graph of work ability as the maximum percentage of an hour that a worker should be engaged working. Roson and Sartori (2016) define work ability (a proxy for productivity) as a function of wet bulb globe temperature. The heat exposure index, using wet bulb globe temperature (units in ∘ C), is a combination of average temperature and average absolute humidity (Roson & Sartori, 2016) . As developed from Kjellstrom et al. (2009) , Roson and Sartori (2016) estimate the effect of global warming for different increments in temperatures (ranging from 1 to 5 ∘ C) for three labor sectors (agriculture, manufacturing, and services) in each of the GTAP countries.
In Roson and Sartori (2016) , estimation of the GTAP human health damage function is developed from Bosello et al. (2006) , which, based partly on Tol (2002) , develops estimates of the association between temperature increments and a number of added cases of mortality and morbidity of selected diseases, considering, in particular, the direct effect of incremental temperatures for vector-borne diseases (e.g., malaria and dengue), heat-and cold-related diseases, and diarrhea. Given the lack of data, supporting evidence and the scope of the analysis, Roson and Sartori (2016) do not include other diseases mentioned in IPCC (2014), such as hemorrhagic fever, plague, Japanese and tick-borne encephalitis, air quality and nutrition-related and allergic diseases, nor other impact categories mentioned in World Health Organization (2014) such as heat-related mortality in elderly people, or mortality associated with coastal flooding, and so on (Roson & Sartori, 2016) .
Given our purposes, we disregard the climate damage functions for tourism and energy demand, also estimated by Roson and Sartori (2016) . In terms of tourism, Roson and Sartori (2016) estimate travel flows following Hamilton et al. (2005) of which flows of international tourism are regressed as a function of temperature, land area, length of coastline, and per capita income. However, tourism flows in Roson and Sartori (2016) are regressed simply as an exponential function of temperature with a constant term (for a country's specific condition). This seems inadequate for our otherwise nonlinear specifications. Also, Roson and Sartori (2016) did not consider the other key drivers of tourism flows, including the attractions of natural landscapes, cultural and historical attributes, and, most importantly, the distinction between tourism and other forms of migration for climate change-related movements. Moreover, transforming the tourism effect into a CGE framework, which is based on GDP, implies no difference of income spending between nationals and foreigners inside a country's border and therefore is largely inappropriate.
The climate change effect on household's energy consumption in Roson and Sartori (2016) is estimated and adjusted from De Cian et al. (2013) of which the key drivers are season, sources of energy, and a country's climatic condition. However, for GTAP modeling, other drivers such as the elasticity of fuel use and income, the fuel mix in each country, and variations in standards of living among rich and poor nations matter a great deal. Since these are not included, we suspend this effect, for now, pending the development of a GTAP-E version of GTAP-INT. In any case, the temperature elasticities in De Cian et al. (2013) , which are estimated for current climate conditions, would change considerably under various global warming scenarios, and this needs to be analyzed separately and comprehensively and not simply adjusted.
From the above damage function estimations, we design shocks to the GTAP-INT model to simulate the climate change impacts. First, the SLR impact will be simulated as a negative shock to the supply of land, a nonmobile factor of production in GTAP-INT. The shock is region specific, as in Roson and Sartori (2016) . Next,
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negative agricultural productivity will be simulated by a percentage change shock to output-augmenting technical change in agricultural sectors. The shock is also sector and region specific. We aggregate and simulate labor productivity loss and human health damages via a negative labor productivity loss. Again, the labor productivity loss will be region and sector specific. With all the shocks, we assume a linear gradual increase from the current year (2017) with the highest shock occurring in 2100. After 2100, the size of the shock is assumed to remain constant (at the 2100 level), and the model is run forward for 200 years to ensure convergence to a new steady state, which the latter interpreted as long-run losses or impacts. With the time horizon of the model at 200 years, we apply a variable time grid to reduce the dimension of the model (see for details on intertemporal solution methods ; Dixon et al., 1992) . Nevertheless, with multiple periods and the full regional and country-specific GTAP model, the size of the model is very large, and we solve the model using only the one-step Johansen method (see for details on the Johansen solution method; Dixon et al., 1992) .
The Economic Effect of Global Warming
Following Riahi et al. (2017) , different SSP narratives are characterized by assumptions on future economic growth, population change, and urbanization. As indicated above, Riahi et al. (2017) provide an overview of the main characteristics of five SSPs and related integrated assessment scenarios. The scenario analysis in our work, as discussed in section 2, is based on four different scenarios where the world surface temperature increases from 1 to 4 ∘ C to 2100, with RCPs (Moss et al., 2010) mapped to our scenarios by using the predictions of global surface temperature increases in IPCC (2014). As SSPs can also be mapped with RCPs ( van Vuuren & Carter, 2014) , our scenarios can be seen as a potential realization of scenarios from the Scenario Matrix Architecture (van Vuuren et al., 2014) and are valuable for analyzing climate change and mitigation policies.
For our GTAP-INT results, the dynamic effect of global warming is measured as the change in real GDP in all regions for different global warming scenarios in the range from 1 to 4 ∘ C. With lower emissions, for example, global warming is approximated by an increase of 0.85 ∘ C as in RCP2.6, where the climate change damage parameters for the 1 ∘ C case in Roson and Sartori (2016) For our current purposes, we first focus on Middle of the Road (SSP2) as the most likely or business as usual scenario. In this case, the path of the world's social, economic, and technological trends does not shift markedly from historical patterns (Riahi et al., 2017) . As such, climate change is likely to be RCP6.0 and our scenario with a global warming of 3 ∘ C by 2100 can be applied. The results from GTAP-INT on GDP are given in percentage changes in Table 1 (which, with Figure 1 , qualify and extend the preliminary results in . The value losses in GDP caused by global warming over the medium and long term for selected countries are contained in Table A1 . Table A2 also details the global warming effects decomposed by economic sectors. As indicated, it is important to note that the model is run forward for 200 years, our long run for convenience and computational convergence. After the year 2100 no additional shocks are introduced to the model so that convergence is guaranteed. GDP estimates in Table A2 and the calculation of the gains from complying with the Paris Accord are based on outcomes to the year 2100 only.
The results clearly show that the effects of global warming vary by time, region, and economic sectors but tend to increase over time and become much worse in relatively poor African and Asian nations, where the loss in GDP here and in all countries near the equator is most severe (see Table 1 and Figure 1) . But, indeed, over the medium term, despite some minor gains in a few European countries, the losses from global warming (at 3 ∘ C) dominate a major part of the world (Figure 1 ).
Using the value of GDP in 2017 from IMF (2018) as the base year, our GTAP-INT results, and economic growth forecasts from SSP2 (Crespo Cuaresma, 2017; International Institute for Applied Systems Analysis, 2018), the approximate global potential loss is estimated to be US$9,593.71 billion or roughly 3% of the 2100 world GDP for 3 ∘ C global warming (see Table A1 ). At 4 ∘ C, losses from global warming increase significantly to US$23,149.18 billion. The largest losses in all cases, and for all temperature increases, occur in Sub-Saharan Africa, India, and Southeast Asia. 
Long-Term Potential Impacts by RCP Scenario and Gains From Complying With the Paris Accord
This section compares the long-term impact by different temperature changes from global warming or equivalently different RCPs so that the avoided losses from various responses to climate change can be analyzed and the gains from complying with the Paris Accord can be calculated. Table 2 presents the long-run impacts of different global warming scenarios (1-4 ∘ C), which correspond to different RCPs in Moss et al. (2010) . The measure is the change in GDP. It is clear that falls in GDP for countries near the equator are especially dramatic.
Indeed, it is interesting to compare our results with the findings of Roson and der Mensbrugghe (2012) , using their ENVISAGE model. Although comparable, it is important to note that the model context here is different. Roson and der Mensbrugghe (2012) use a recursive dynamic approach, with adaptive expectations, and their results are only for 15 regions, which will necessarily average outcomes. Our intertemporal approach is dimensionally larger, for 139 countries, and drops the damage functions for tourism and energy use. That said, Roson and der Mensbrugghe (2012) find that the developing and poorer countries in the rest of Asia and the Middle East and North Africa lose 10.3% to 12.6% of their GDP when the global temperature increases by 4.79 ∘ C in 2100. Our larger dimensional model shows, instead, that if global surface temperature increases by 4 ∘ C, countries in South East Asia can lose up to 21% of their GDP per year. The picture for developing countries in Africa is even more grim with the GDP losses as high as 26.6% per year (Table 2 ).
From the above GDP damages, it is possible to calculate the gains from complying with the Paris Climate Accord. Following van Vuuren et al. (2011) , we can map our scenarios in terms of their implications for the following climate change policies.
1. The case of 1 ∘ C is likely to reflect the lowest emission scenario with the most stringent mitigation policies (or approximately RCP2.6). 2. Implementation of a climate change agreement (e.g., the Paris Accord) would slow global warming to around 2 ∘ C by 2100 (or approximately RCP4.5). 3. A medium baseline case with less stringent mitigation policies will push global surface temperatures up to 3 ∘ C by 2100 (approximately RCP6). 4. Without any countervailing action to reduce emissions, global warming could increase up to 4 ∘ C (or approximately RCP8.5).
The successful achievement of the Paris Accord, which aims to keep global warming at roughly 2 ∘ C (or RCP4.5), or less, allows us to calculate the potential benefit of the Accord as the difference in losses between the 4, 3, and 2 ∘ C scenarios. Based on the full version of Table 2 from our GTAP-INT simulation results, and Table A1 , which represents the value of annual GDP losses in 2100, we can calculate the differences. As indicated above, we calculate world GDP in 2100 using 2017 world GDP in US$ (IMF, 2018, from the World Economic Outlook database) and economic growth from the corresponding SSPs (SSP1 for 2 ∘ C, SSP2 for 3 ∘ C and SSP5 for 4 ∘ C; Crespo Cuaresma, 2017; International Institute for Applied Systems Analysis, 2018). Because the economic forecasts in the SSPs are for a 10-year period, we apply a linear interpolation method to approximate the missing forecasts for the years between and any two predicted time points (similarly for the GDP damage ratios from our simulation results). The results for GDP damages in US$ are available from 2017 to 2100, but only 2100 results are shown in Table A1 .
In total, the avoided global GDP losses for the case of 3 ∘ C (or equivalently RCP6.0) compared to 2 ∘ C are US$3,934.25 billion a year in terms of 2100 GDP. For the case of RCP8.5, or a global warming of 4 ∘ C, the avoided global losses in GDP between 4 and 2 ∘ C are much larger or US$17,489.72 billion a year in the long run (also in terms of GDP in 2100).
Discussion and Concluding Remarks
GHG emission growth and its global warming consequences are a significant threat to the Earth's future. Assessing climate change impacts to the global economy and national incomes, and the potential benefit of climate change agreements, however, is complex, requiring large-scale modeling to even approach a comprehensive answer. For economists, the standard tool is CGE modeling. But, here, save for a few valuable country studies and some dynamic recursive modeling efforts, current models are either dimensionally too small or bound by myopic forecasting rules to be completely useful or compelling. The extension of the GTAP-INT model used in this work fills that gap, providing estimates of global warming damages on GDP and its rate of change for 139 countries in the GTAP database, by various temperature changes, as well as by measures of the benefits of complying with a trade agreement, such as the Paris Climate Accord.
Although GTAP-INT is country detailed and uses forward-looking approaches to forming price and profit expectations, there are a number of significant caveats to be aware of and considerable scope for future research. First, the model dimension does not computationally allow for random shocks or any of the usual jump-diffusion characteristics of a stochastic process that may impact both technology or living standards in the economy, among many other things. This lack of randomness is a serious shortcoming of all CGE modeling, except those with very small dimensions, and it needs to be worked on. There are ways forward, but it will require very large dimensional modeling and the use of parallel processing techniques, at the least, as in the GTAP-INT model and related work (Ha & Kompas, 2016; Ha et al., 2017; .
Second, given the lack of a random component, it is not possible to include the effects of natural disasters or more extreme weather events that occur year to year in the model. The costs of these can be considerable. For now, all that is captured is the effects of SLR, changes in agricultural productivity, and key health effects. Indeed, some of the significant effects of actions concomitant with global warming, such as the effects of air pollution, losses in biodiversity, the spread of invasive species, changes in energy mix, and the costs of significant migration, are also not included. Capturing natural disaster shocks and these other effects is possible in GTAP modeling, but it has not been done for the global economy to date, and this too needs to be worked on.
Third, and finally, although the extension of GTAP-INT to full climate change effects does allow for forwardlooking estimates of the possible effects of global warming, the informational requirements here are profound and will not nearly be met in every circumstance or by every producer and consumer. Practically speaking, some forecasts fail to account not only for projected changes in the local and global economy but also for all of the other unpredictable changes that occur. Including randomness in the model framework would help with this, but as it stands the model is benchmarked to perfect foresight settings as a comparator. Designing models with mixed information requirements, that is, ranges of forward-looking forecasts combined over a set of elements with more myopic forecasting rules, is possible, but that work too needs to be done. It is clear, however, that models with only static price forecasting rules are clearly inadequate when climate change is considered. We know that at least some economic agents look forward and endeavor to incorporate this information in their price forecasting. We also know that economic agents revise their forecasts given exogenous shocks at any moment in time, calling again for some stochastic process in the CGE/GTAP model framework.
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With all of the above caveats in mind, the estimates from GTAP-INT do indicate substantial damages and losses in national income from global warming, providing at least a means of comparison across different temperature ranges and countries, regardless of the range of information that is available, perfect or otherwise. The losses in GDP and the gains from complying with the Paris Accord, even in this limited framework, are substantial, as indicated. What is perhaps as equally disturbing is how the percentage fall in GDP varies across the world and is most severe in many of the poorest countries (Table 2) . Notable in the list are the dramatic falls in GDP by decade and in the long term, especially, of course, for the 4 ∘ C outcome, for Ghana, Nigeria, Cote D'Ivoire, Togo, Honduras, Nicaragua, the Phillipines, Cambodia, and Laos, among others. But Indonesia, Bangladesh, India, Singapore, Central America, East Asia, Thailand, and Vietnam also experience fairly substantial falls. Complying with the Paris Climate Accord would benefit these relatively poor countries, especially so.
It is important to note that the results above also assume that the United States remains in the Paris Accord and that all countries that have agreed to emission reduction targets honor their commitments. This is all questionable.
One final point. The often severe falls in GDP in the long term will put many governments in fiscal stress, since tax revenues are tied to GDP or national income levels. In addition, if global warming is tied to increases in the frequency of weather events and other natural disasters, which invoke significant emergency management responses and expenditures, the pressure on government budgets will be doubly severe. It would be good to form estimates of the extent of these budget pressures.
Appendix A: Impacts of Climate Change on the Global Economy
In this appendix we detail estimates of the long-term losses in GDP per year under various global warming scenarios to the year 2100. We also indicate the long-run impacts of global warming on the economic sectors (or commodity groups) contained in the GTAP database. 
